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ABSTRACT
The presence of a homing endonuclease gene (HEG)
within a microbial intron or intein empowers the
entire element with the ability to invade genomic tar-
gets. The persistence of a homing endonuclease
lineage depends in part on conservation of its DNA
target site. One such rDNA sequence has been
invaded both in archaea and in eukarya, by
LAGLIDADG and His–Cys box homing endonu-
cleases, respectively. The bases encoded by this
target include a universally conserved ribosomal
structure, termed helix 69 (H69) in the large riboso-
mal subunit. This region forms the ‘B2a’ intersubunit
bridge to the small ribosomal subunit, contacts
bound tRNA in the A- and P-sites, and acts as a trig-
ger for ribosome disassembly through its interac-
tions with ribosome recycling factor. We have
determined the DNA-bound structure and specificity
profile of an archaeal LAGLIDADG homing endonu-
clease (I-Vdi141I) that recognizes this target site, and
compared its specificity with the analogous eukaryal
His–Cys box endonuclease I-PpoI. These homodi-
meric endonuclease scaffolds have arrived at similar
specificity profiles across their common biological
target and analogous solutions to the problem of
accommodating conserved asymmetries within the
DNA sequence, but with differences at individual
base pairs that are fine-tuned to the sequence con-
servation of archaeal versus eukaryal ribosomes.
Homing is the transfer of an intervening genetic sequence
(either an intron or intein) to a homologous host gene that
lacks that same element (1–3). Homing endonucleases,
that are encoded by open reading frames embedded
within these sequences, promote their genetic mobility
by generating double strand breaks in alleles that lack
the intervening sequence. Homologous recombination
leads to transfer of the element, using the allele that con-
tains the mobile element as a template. In rare cases,
homing endonucleases can also be encoded by free-
standing genes (4). In either case, homing endonuclease
genes (HEGs) are selﬁsh DNA sequences that are inher-
ited in a dominant, non-Mendelian manner, often with
profound consequences (5–7).
Homing endonucleases and their mobile introns can
invade host genes encoding rRNA, tRNA and proteins,
and are found in virtually all microbial genomes—includ-
ing phage (8), bacteria (9), archaea (10,11), protista (12),
and organellar genomes in fungi and algae (13,14). Mobile
introns and homing endonucleases display a periodic life
cycle in these host genomes: invasion of a DNA target is
followed by vertical transmission with gradual accumula-
tion of mutations that lead to loss of endonuclease activity
in individual hosts, followed by eventual loss of the endo-
nuclease reading frame and the intron, and subsequent
reinvasion by an active homologue (6,15). In the case of
phage and bacteria, this cycle causes the persistence of
introns in genomes that are otherwise subject to strong
purifying selection and streamlining (16).
Homing endonucleases recognize long DNA sequences
(14–40bp), and tolerate sequence variation at individual
base pairs within their targets. This attenuated ﬁdelity
enables them to adapt to sequence drift in their target
and increases their potential for ectopic transfer to new
sites. Comparative genomic studies have demonstrated
that (i) homing endonucleases and their surrounding
intron/intein sequences are usually found in strongly con-
served coding regions within essential (or at least highly
beneﬁcial) genes, and that (ii) their ‘speciﬁcity proﬁle’ (the
relative importance of each base pair identity in the target
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clease) correlates strongly with functional constraints
imposed at those same DNA bases by the host (17–19).
There are at least ﬁve unique structural families of
homing endonucleases, each of which has arrived at the
optimal balance of speciﬁcity versus ﬁdelity that is most
suitable for evolutionary success in their host genomes (3).
These include two families (LAGLIDADG and His–Cys
Box endonucleases) that are found in eukarya and/or
archaea (20,21). Many of these endonucleases are encoded
within introns that interrupt highly conserved sequences
within ribosomal RNA host genes (rDNA). For example,
at least 13 separate positions in the large subunit rDNA of
green algae chloroplast genomes are interrupted by introns
that contain LAGLIDADG HEGs (22). Similarly, the
nucleolar rDNA of protists are also frequently interrupted
by group I introns (12,23,24), with many of these intron
insertion sites uniformly occupied across species ranging
from amoeboﬂagellates such as Naegleria to myxomycetes
(slime molds) such as Physarum polycephalum. In contrast
with those found in algae, these introns are mostly asso-
ciated with ‘His–Cys Box’ endonucleases, as typiﬁed by the
enzyme I-PpoI (25–28).
In addition to rDNA, a variety of microbial genes that
are mostly involved in the transmission of genetic infor-
mation (particularly those encoding tRNA, DNA poly-
merases, ribonucleotide reductase and thymidylate
synthase) have also been subjected to repeated invasions
and reinvasions by mobile introns and mobile inteins. In
some cases, many introns and inteins (with and without
homing endonuclease genes) can be found simultaneously
within a single host gene (29). Furthermore, homologous
genomic target sites in widely diverse host organisms are
often occupied by related mobile elements and their asso-
ciated endonucleases, which are isoschizomeric enzymes
that are obviously diverged from a common ancestor
(7,22,30).
In contrast to the many cases described above where
individual genes have been invaded repeatedly by mobile
intervening sequences and homing endonucleases, only
one example has been found of the same target site
being independently invaded in separate biological hosts
by completely diﬀerent homing endonuclease lineages. In
that case, the precise equivalent of the protist 28S rDNA
target site described above (recognized by the His–
Cys box endonuclease I-PpoI in a slime mold) has also
been invaded in hyperthermophilic archaea by mobile
introns and their LAGLIDADG endonucleases (this
work). In this study, we describe the DNA-bound crystal
structure and cleavage speciﬁcity proﬁle of one of these
archaeal endonucleases (I-Vdi141I, from Vulcanisaeta dis-
tributa), and compare its DNA recognition proﬁle against
I-PpoI. The functional requirements imposed by invasion
of this site by these two homodimeric enzymes have led
to strikingly similar balances of speciﬁcity and ﬁdelity
across their targets, including analogous solutions to the
problem of a homodimeric endonuclease accommodating
necessary asymmetry in the rDNA sequence. At the same
time, these two endonucleases also demonstrate unique
DNA sequence preferences for 1bp position in their
respective target sites, which corresponds to a single




The target site for the I-Vdi141I endonuclease is a par-
tially symmetric, 24bp pseudopalindrome that is cleaved
on both strands to liberate two mutually cohesive, 4 base
30 overhangs. Throughout this article, the individual posi-
tions of this target site are numbered from position  12 to
+12, with the center of the cleavage site located between
base pairs  1. Seven of the 12bp of each target half site
( 1, 2, 3, 6, 7, 9 and 10) are palindromically conserved
between half-sites, while the remaining 4bp of each half
site ( 4, 5, 8, 11 and 12) diﬀer between the left- and right-
half sites.
The wild-type target DNA was generated by annealing
the 25bp complementary oligonucleotides 50-CCTGA
CTCTCTTAAGGTAGCCAAAA-30 and 50-TTTGGCT
ACCTTAAGAGAGTCAGGA-30. The duplex was ligated
into a pGEM-T Easy vector (Promega, Madison, WI) to
yield ‘pWT’ substrate plasmid. Subsequently, a series of
pWT derivatives with target sites mutated at individual
base pair positions were prepared by cloning appropriate
synthetic oligonucleotide duplexes into pGEM-T Easy. All
the cloned inserts were veriﬁed by sequencing both strands.
Expression and purification of I-Vdi141Iprotein
The 23S rRNA gene of the hyperthermophilic archaeon
V. distributa strain IC-141 contains the Vdi141.L1927
intron that harbors an open reading frame encoding the
LAGLIDADG homing endonuclease I-Vdi141I (Nomura,
N., unpublished data). The I-Vdi141I gene was PCR
ampliﬁed from V. distributa IC-141 chromosomal DNA
using primers ‘Vdi-F’ (50 GGGGCATATGGTACATG
AGGAGGATTTTAAGG) and ‘Vdi-R’ (50-GGGGGG
ATCCTTAAAGACTAGTGCTGACATT). The two pri-
mers were designed to place an initiation codon (ATG) and
an NdeI site at the 50 end, and a stop codon and a BamHI
site at the 30 end of the I-Vdi141I coding region. The plas-
mid pVdi was constructed by ligating the PCR product
into NdeI-BamHI-digested pET-15b (Novagen,
Darmstadt, Germany). Wild-type enzyme was used in bio-
chemical studies of endonuclease activity and speciﬁcity
(described below). To increase the number of methionine
residues for crystallographic phasing, two amino acid sub-
stitutions (I65M and I107M) were introduced using
QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA). The position of the methionine substitutions
was chosen based on a homology model of I-Vdi141I
that was derived using the crystal structure of the related
endonuclease I-CreI, and corresponded to residues
assumed to be uninvolved in protein–DNA contacts or
catalytic activity. The insert of the resultant expression
plasmid pVdiI65M/I107M-10 was sequenced on both
strands to conﬁrm the correct sequence.
Escherichia coli BL21-CodonPlus (DE3)-RIL cells
(Stratagene) harboring either wild-type I-Vdi141I or
pVdiI65M/I107M-10 was grown in LB supplemented
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which time expression of His6I-Vdi141I was induced by
the addition of IPTG to a ﬁnal concentration of
0.5mM. The cells were harvested after an additional 5h
of incubation at 378C. For expression of selenomethio-
nine-derivatized protein, His6I-Vdi141I was expressed in
M9 minimal media in the E. coli strain BL21-CodonPlus
(DE3)-RIL adapted for growth with methionine pathway
inhibition (31). Cells were grown in minimal media at
378Ct oa nO D 600 of 0.6, and the following amino acids
were added to inhibit the methionine biosynthetic path-
way: 100mg/l lysine, threonine, and phenylalanine; 60mg/
l selenomethionine; 50mg/l leucine, isoleucine, and valine.
Following a 15-min incubation at 378C, 0.5mM IPTG
was added to induce expression, and the cultures were
grown at 378C for 10–14h.
Cells were disrupted by sonication in buﬀer A (50mM
Tris–HCl pH 8.0, 200mM NaCl, 0.1mM EDTA, 10%
glycerol). The supernatant was incubated at 808C for
10min to denature and precipitate most of the E. coli
proteins. The heat-treated supernatant was dialyzed over-
night against buﬀer B (100mM Tris–HCl pH 8.0, 150mM
NaCl, 10mM imidazole) and mixed with TALON resin
(Clontech, Mountain View, CA) at 48C for 20min. The
bound protein was eluted with buﬀer C (100mM Tris–
HCl pH 8.0, 150mM NaCl, 250mM imidazole), pooled,
dialyzed against buﬀer A. The dialysate was fractionated
on a HiTrap Heparin column (GE Healthcare, Chalfant
St. Giles, UK). A linear gradient of 0.2–1M NaCl was
used for elution. The His-tag was removed from the pro-
tein using a thrombin cleavage capture kit (Novagen).
This was followed by chromatography on a Superdex 75
column (GE Healthcare) equilibrated in buﬀer A. The
puriﬁed I-Vdi141I was concentrated to 10mg/ml using
an Amicon Ultra-15 spin ﬁlter (Millipore, Billerica,
MA), and stored in aliquots at –808C.
Crystallographic structure determination of I-Vdi141I
Oligonucleotides (50-CTGACTCTCTTAAGGTAGCCA
A-30 and its complementary strand 50-TTGGCTACCTTA
AGAGAGTCAG-30) were purchased from Oligo Etc.
(Wilsonville, OR; 1mmole synthesis scale, HPLC-puriﬁed
research grade). Complementary DNA strands were
annealed by incubating for 5min at 958C and then allowed
to cool to room temperature, generating a 22bp, blunt-
ended duplex. The selenomethionyl-derivatized protein was
diluted to 4.6mg/ml (0.12mM) and mixed with a 1.4M
excess of DNA duplex at 508C in the presence of 2mM
Mg
2+. Immediately after 5min of incubation at 508C, the
mixture was used for cocrystallization. A 200-ml reservoir
containing 9% ethanol, 100mM MgCl2, 100mM HEPES-
NaOH at pH 7.5 was equilibrated against a 2-ml drop con-
taining a 1:1 mixture of the protein/DNA complex and the
reservoir solution. The crystals (300mm 200mm 200mm;
space group P61, a=b=66.58A ˚ , c=217.91A ˚ ) were
grown at 268C by vapor diﬀusion within 2–3days. They
were transferred up to reservoir solution containing 25%
ethylene glycol and 1% H2O2 (used to completely oxidize
selenium atoms and improve their X-ray phasing power)
and ﬂash frozen in liquid nitrogen.
The structure of the I-Vdi141I/DNA complex was
solved by the multiple anomalous dispersion (MAD) phas-
ing method using selenomethionyl protein. There are three
methionine residues in the protein, in addition to the
N-terminal residue which is disordered. Data were col-
lected at the ALS synchrotron beamline 5.0.2 (Lawrence
Berkeley National Laboratory, Berkeley, CA). Diﬀraction
data were recorded to 2.3A ˚ resolution (Table 1). Data were
processed and scaled using the program HKL2000 (32).
Subsequent data analysis was performed using the pro-
gram CNS (33). Anomalous diﬀerence Patterson maps
contained exceptionally strong peaks and cross-peaks cor-
responding to the expected selenium positions. An initial
model was built using the program Coot version 0.1 (34).
Ten percent of the data was excluded from the reﬁnement,
beginning at the initial stages of model building, for the
calculation of the cross-validating free R-factor (35).
The model was reﬁned with CNS, and the model geometry
was checked with program PROCHECK (36). The ﬁnal
reﬁnement statistics were Rwork/Rfree=0.231/0.250.
The structure has been deposited into the protein data
bank (RCSB) with the accession code 3E54.
Table 1. X-ray data and reﬁnement statistics
Crystallographic data*
Source 5.0.2 ALS
Maximum resolution (A ˚ ) 2.32
Resolution of data set (A ˚ ) 50.0–2.32 (2.40–2.32)
Wave length (A ˚ ) 0.97911
Space group P61
Unit cell parameters
a, b, c (A ˚ ) 66.58, 66.58, 217.91
a, bg(deg.) 90, 90, 120
Number of reﬂections measured 906351
Number of unique reﬂections 23652
Rmerge 0.068 (0.252)





Resolution (A ˚ ) 45.2–2.50
Number of protein atoms 2610
Number of DNA atoms 898
Number of solvent atoms 122
Number of cations 5
r.m.s. deviations
Bond length (A ˚ ) 0.009












 Statistics for the peak wavelength is given. Data for the inﬂection
wavelength (0.97945 A ˚ ) was very similar. Statistics in parentheses are
for the highest resolution shell (A ˚ ).
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The substrate plasmids described above were linearized
with ScaI, which cuts the vector DNA 1.8kb from the
I-Vdi141I target site. The resulting DNA fragments
(ca. 3.0kb) were extracted with phenol–chloroform and
precipitated with ethanol. To monitor the cleavage by
wild-type I-Vdi141I, substrate DNA (at 20nM ﬁnal con-
centration) was incubated with the enzyme (at 40nM con-
centration) in a total volume of 10ml of 10mM Tris–HCl
(pH 7.5at 258C), 10mM MgCl2, 1mM dithiothreitol and
50mM NaCl at 908C for 10min.
For comparison, the His–Cys box homing endonuclease
I-PpoI was purchased from Promega and used as a refer-
ence protein in digests using the same panel of target site
variants. I-PpoI cleavage assays were performed with sub-
strate DNA (at 20nM concentration) and the enzyme
(0.25U;  50nM concentration) in a total volume of
10ml of 25mM CAPS-CHES (pH 10at 258C), 10mM
MgCl2 and 1mM dithiothreitol at 378C for 10min.
During incubation, the assay mixtures were overlaid
with 25ml mineral oil. The reactions were terminated by
addition of 5ml of 30mM EDTA. The reaction products
were separated by electrophoresis on 1.5% agarose gels
and visualized by ethidium bromide staining. The gels
were photographed using a GelDoc2000 digital imaging
system (Bio-Rad) and the extent of the reaction was deter-
mined using Quantity One software version 3.0 (PDI).
RESULTS
Crystal structure ofI-Vdi141I/DNA complex
The 23S rRNA gene from the hyperthermophilic
archaea V. distributa IC-141 is interrupted by a 586 base
pair intron, termed Vdi141.L1927(GenBank accession
number: AB178783). The intron contains an open reading
frame (ORF) encoding a polypeptide of 169 amino acids
with a molecular mass of 19.6kDa. Alignment with the
amino acid sequences of known archaeal homing endonu-
cleases revealed that the intron-encoded protein contains a
single copy of a LAGLIDADG-like sequence motif, span-
ning residues 12–21 (ILGFIEAEG). The assignment of
this protein to the homodimeric LAGLIDADG structural
family was conﬁrmed when its structure, bound to its
DNA target, was determined using X-ray crystallography
as described below.
After producing the recombinant protein in E. coli,w e
conﬁrmed that the ORF product displays sequence-
speciﬁc DNA cleavage activity; the enzyme was therefore
designated as I-Vdi141I. The enzyme’s substrate cor-
responds to a 24bp, partially symmetric pseu-
dopalindrome, containing the intron insertion site,
with sequence 50-CCTGACTCTC#TTAA"GGTAGC
CAAA-30 (# and " indicate cleavage sites on top
and bottom strands, respectively). Like all known
LAGLIDADG endonucleases, the enzyme generates
mutually cohesive, 4 base 30 overhangs. As described
below, the protein displays minimal speciﬁcity at the out-
ermost base pair of each DNA half-site (positions  12),
and in fact was crystallized in complex with a minimal
22bp DNA duplex (an analogous DNA construct with
all 24bp did not crystallize).
The molecular weight of functional I-Vdi141I was
determined to be  40kDa as estimated by size exclusion
chromatography, also implying that the endonuclease is
an active homodimer (data not shown). The genomic
intron insertion site and basic DNA recognition and clea-
vage properties of I-Vdi141I described above are quite
similar to an analogous intron and its LAGLIDADG
homing endonuclease I-ApeKII from the hyperthermophi-
lic archaean Aeropyrum pernix K1 (N. Nomura, unpub-
lished results), indicating that this lineage of mobile
introns and endonucleases is widespread throughout a sig-
niﬁcant archaeal host range.
The I-Vdi141I enzyme was crystallized in complex with
a blunt-ended DNA duplex corresponding to the core
22bp sequence of its target site, and the resulting structure
of the protein–DNA complex (Figure 1a) was solved at
2.5A ˚ resolution. The data processing and reﬁnement sta-
tistics are presented in Table 1. The crystals were grown in
the presence of magnesium, resulting in a bound product
complex in which the DNA is cleaved at positions between
bases +2 and +3 on the top strand, and between bases
 2 and  3 on the bottom strand. I-Vdi141I consists of
two symmetric subunits of mixed a/b topology. The core
endonuclease fold (abbabba) is structurally conserved
with previously determined structures of LAGLIDADG
enzymes (21), including the use of DNA-contacting b-
sheets for sequence-speciﬁc recognition of the DNA
target half-sites (Figure 1b).
The structure of I-Vdi141I is most similar in size and
conformation to that of the homodimeric I-CreI and
I-MsoI endonucleases (37), which are also encoded
within algal rDNA introns but recognize a diﬀerent
target site. Superposition of the DNA-bound structures
of I-Vdi141I and I-CreI (Figure 2a) demonstrates conser-
vation of the relative position and length of all secondary
structure elements, with an overall root mean square
deviation (RMSD) in alpha-carbon positions of  3.8A ˚ .
The diﬀerence in structure between these two enzymes is
similar regardless of whether a single subunit or the entire
dimeric structure is simultaneously superimposed, indicat-
ing that the domain interface and packing of the dimers is
approximately equivalent.
As well, the overall bend characteristics of the bound
DNA are similar between the structures of I-Vdi141I and
I-CreI (Figure 2b and c), consisting of overwinding, and
simultaneous unstacking (splaying apart) of the central
base step at the center of the target site. This characteristic
DNA bending, observed for all LAGLIDADG endo-
nucleases in complex with their DNA targets (38), is par-
ticularly pronounced for the I-Vdi141I complex, with a
negative distortion of the central base pair roll angle
(which is normally 08 for unperturbed B-form DNA)
by over 508. In previous calorimetric studies of
LAGLIDADG endonuclease target site recognition, simi-
lar protein–DNA complexes were shown to be associated
with strongly endothermic binding events (38).
The distribution and number of contacts between pro-
tein side chains and DNA bases across the target site are
similar to other LAGLIDADG homing endonuclease
Nucleic Acids Research, 2008, Vol. 36, No. 22 6991complexes (Figure 1c). Approximately 40% (14 of 36) of
the potential nucleobase hydrogen bond donors and
acceptors in the major groove of each DNA half-site are
within contact distance of corresponding protein side
chains; augmented by a smaller number of similar contacts
to bases in the minor groove and at least two sequence
speciﬁc van der Waals contacts. The sequence-speciﬁc
contacts between DNA and protein are more concentrated
Figure 1. Structure of the I-Vdi141I LAGLIDADG homing endonuclease bound to its cognate DNA target. (a) Ribbon diagram of the homodimeric
protein bound to its target site. The DNA is present in a single orientation, providing a unique view of the contacts in each unique DNA half-site. (b
and c) Close up and cartoon depiction of the visible contacts between the protein and the DNA. In the schematic, base pairs that are conserved
between DNA half-sites are white; those that diﬀer between half-sites are green. Contacts drawn to the right side of each base pair are made in the
major groove (to hydrogen bond donors and acceptors that are indicated with bumps and grooves, respectively); contacts drawn to the left side of
each base pair are made in the minor groove. The scissile phosphates are shown in red, each contacting a bound divalent cation. Twelve protein side
chains are appropriately positioned in each half-site to make contacts to individual nucleotide bases; ﬁfteen out of 36 of the potential hydrogen-bond
donors and acceptors in the DNA major groove of each half-site are within contact distance to protein side chains.
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DNA half-sites (i.e. those base pairs that maintain palin-
dromic symmetry), particularly at positions  2, 3, 9 and
10. The sequence-speciﬁc contacts made within the major
groove at base pairs  2 (by residues Gln 70 and 700)
are unique to the LAGLIDADG endonucleases. In all
other structures of these protein–DNA complexes, the
central four base pair positions (i.e. the nucleotides
located between the scissile phosphate groups) are
devoid of direct contacts, and are subject only to the inﬂu-
ence of sequence-speciﬁc DNA conformational prefer-
ences that are imposed when the protein binds and
bends its target site.
Archaeal I-Vdi141I displays an analogousspecificity profile
to eukaryal I-PpoI
The rDNA insertion site of the analogous mobile introns
in the archaea Vulcanisaeta (Vdi141.L1927) and in the
eukaryotic protist Physarum (PpLSU3) are almost identi-
cal (Figure 3), including exact sequence identity across
the core base pairs that are recognized by both corre-
sponding homing endonucleases. Both sites are partially
symmetric pseudopalindromes, with symmetry conserved
at either seven (I-Vdi141I) or eight (I-PpoI) positions out
of twelve base pairs in each DNA half-site. In contrast,
these two endonucleases display completely diﬀerent folds,
bound DNA conformations, and contacts across their
target sites (Figure 4), while recognizing and cleaving the
same substrate sequence.
To compare the speciﬁcity of target DNA cleavage by
these two enzymes, we performed parallel, systematic
cleavage assays with each enzyme, using a series of variant
DNA sequences as substrates. Each substrate consisted of
the target site of I-Vdi141I, with a single base pair position
systematically replaced by one of the three alternative
bases. A total of 72 single base-pair variants were there-
fore prepared, corresponding to 3 diﬀerent substitutions
Figure 2. Superposition and comparison of the DNA-bound structures of I-Vdi141I and I-CreI. (a) Superposition of the protein subunits. I-Vdi141I
is colored identically to Figure1; I-CreI is colored cyan. The overall RMSD between all main chain atoms, regardless of whether the superposition is
performed using a single subunit or the entire protein homodimer, is  3.8A ˚ .( b) superposition of bound DNA duplexes, based solely on super-
position of the bound proteins in the two protein–DNA complexes. The DNA target of I-Vdi141I is light grey; the DNA target of I-CreI is dark
grey. (c) Conformational parameters of DNA target bound to I-Vdi141I (left) and I-CreI (right). Parameters were quantitated using program
‘Readout’, via a web-based server located at http://gibk26.bse.kyutech.ac.jp/jouhou/readout/.
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strates was incubated with the enzymes for 10min, and the
molar ratio of DNA:protein was adjusted so that no more
than 70% of the substrate was converted to the products.
The reaction rate was linear as a function of the time over
the 10min time course of the assays. The extents of clea-
vage observed in these experiments are shown in Figure 3.
Overall, the I-Vdi141I enzyme displays longer target site
speciﬁcity than I-PpoI, with reductions in relative cleava-
bility observable for one or more base pair substitutions
across almost all positions of the entire 24bp sequence. In
contrast, the cleavage speciﬁcity of the I-PpoI enzyme
extends across a shorter, 18bp target sequence that is
identical to the I-Vdi141I target.
The I-Vdi141I enzyme appears to be more optimized to
its physiological rDNA target, with only one substitution
in the substrate ( 6T to  6C) causing a signiﬁcant
increase in cleavability over the wild-type target. In con-
trast, I-PpoI is less optimized for recognition of the same
target: ﬁve substitutions in its 18bp core target increase
cleavability by that enzyme ( 8A to  8G,  4T to  4C,
+4G to +4A, +5T to +5G and +8C to +8T). In all
ﬁve of these latter cases, these substitutions increase palin-
dromic symmetry in the target, by converting a base pair
in one DNA half-site to the corresponding sequence of the
opposite half-site.
Across the core 18bp DNA sequence that is recognized
with high speciﬁcity by both endonucleases, the measured
speciﬁcity proﬁle is quite similar. Both enzymes are parti-
cularly intolerant of base pair substitutions at positions
 7,  3 and  2, as well as positions  1 and +9 in the
left and right half sites, respectively (a total of 8 out of 18
positions). At seven out of the remaining ten positions in
the target, the same mutation is ‘most tolerated’ by both
enzymes:  8A to  8G,  6T to  6C,  5C to  5A,  4T to
 4C, +4G to +4A, +5T to +5G, and +8C to +8T.
Given the completely unique set of protein–DNA contacts
and accompanying DNA bend induced by the two
enzymes, these similarities in recognition speciﬁcity pro-
ﬁles appear to indicate equivalent pressures on both
enzyme-intron elements to optimize speciﬁcity, relative
to the sequences and structural constraints of these
rDNA bases in archaea and eukarya.
Finally, two positions in the target sequence, related by
symmetry, appear to display signiﬁcantly diﬀerent speciﬁ-
cities and eﬀects on cleavage for the two enzymes. At
position  6, the archaeal I-Vdi141I enzyme slightly pre-
fers a cytosine over the wild type thymine, whereas the
Figure 3. Relative cleavability of individual single base pair variants of the I-Vdi141I target site by I-Vdi141I and I-PpoI. The digest conditions for
these experiments are described in Materials and Methods section. The graphs illustrate the relative percent cleavage (Y-axis) of series of linearized
DNA target substrates, in which each of three possible basepair substitutions is systematically and individually encorporated at each position across
the DNA sequence (X-axis). As described in the Materials and Methods section, digest conditions were chosen such that any substitutions that
signiﬁcantly decrease or increase target site cleavage is visualized. The extent of cleavage of wild-type target site is normalized to 100% in the ﬁgure.
The two wild-type target sites are identical except for positions  12 and  11, which are outside of the contact and speciﬁcity proﬁle of I-PpoI. The
red lines denote the center of symmetry of the site and the cleavage pattern of the two enzymes (which both yield 4 base, 30 cohesive overhangs).
Shown below the target site sequences are the RNA base numbers of the corresponding rRNA project (taken from PDB structure ID 2J01) and the
overall degree of conservation of these bases across all three kingdoms of life (as calculated using the Comparative RNA Website (46) (http://
www.rna.ccbb.utexas.edu).
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type base. In contrast, at position +6 the archaeal
enzyme tolerates a substitution from the wild type adenine
to a guanine, whereas the eukaryal I-PpoI is again extre-
mely speciﬁc for the wild-type base. As discussed below,
these variations in cleavage speciﬁcities appear to be cor-
related with subtle diﬀerences in the conservation of these
bases in archaeal versus eukaryal ribosomes.
DISCUSSION
The rDNA targetsequence: apseudopalindrome fixed by
multiple functional and structural constraints
The ribosome bases encoded by the target site for I-
Vdi141I (and spanning the shorter, analogous target site
for I-PpoI; Figure 3) corresponds to bases 1915–1938 in
the large RNA subunit of the intact ribosome (using
the numbering system from the structure of the 70S ribo-
some from Thermus thermophilus, PDB entry 2J01). These
rRNA bases overlap with the universally conserved ‘helix
69’ (H69) of large ribosomal RNA subunit (bases 1906–
1924), a region that is critical for several aspects of ribo-
some structure and function (Supplementary Figure 1 and
5). The loop of H69 (bases 1912 to 1918) contact helix 44
of the 16S rRNA in the small subunit, forming an inter-
subunit bridge (‘B2a’) that is one of only four such RNA
structural motifs that are conserved within ribosomes
from all kingdoms of life, including those of both mito-
chondria and chloroplasts (39). These same bases also
contact the minor groove of the D-stem junction of
tRNA bound in the ribosome’s A-site. Additionally, the
stem of helix H69 (bases 1906–1911 and 1919–1924) con-
tacts the D-stem of tRNA bound in the ribosome P-site
(39). Four of the bases in this region are subjected to
conserved modiﬁcation via pseudouridylation; elimination
of more than two of these modiﬁcations in any combina-
tion causes signiﬁcant disruption of ribosome structure
and function (40). Binding of ribosome recycling factor
(RRF), in combination with elongation factor G, induces
a large motion of H69 towards RRF, disrupting bridge
B2a and inducing the dissociation of intact ribosomes into
subunits for subsequent assembly for the next round of
translation (41). Deletion of H69 confers a dominant
lethal phenotype, due to defects in ribosome assembly,
peptide release and recycling (42).
Of the 22 DNA bases in the I-Vdi141I target site, 13 are
conserved across all kingdoms of life at greater than 90%
sequence identity; 11 of these positions are located within
the shorter target site recognized by I-PpoI (43). Although
this DNA target is a pseudopalindrome (and partially
overlaps with the H69 stem-loop structure), none of the
rRNA bases encoded in the target site are actually base
paired with other bases also encoded within the target site
(Figure 5a). Thus, the highly conserved, partial palindro-
mic symmetry in this target is a coincidental product of
the structural constraints that are imposed by contacts
made to ribosomal bases outside the target region. This
sequence serves as a high-value target for homing endo-
nuclease cleavage and for occupation by mobile introns, as
a result of its very strong sequence conservation and also
its accidental symmetry, which facilitates recognition by
homodimeric homing endonucleases. These symmetric
proteins enjoy an advantage over their larger monomeric
cousins, as their shorter coding sequences are more readily
tolerated by their host introns with minimal eﬀect on fold-
ing and splicing activity.
The ability of symmetric homing endonucleases to dis-
play promiscuous base recognition abilities, and thus
target asymmetric DNA sequences, is therefore an impor-
tant feature of both I-Vdi141I and I-PpoI. This capability
Figure 4. DNA-bound structure, contacts and conformation of I-PpoI.
(a) Ribbon diagram of the homodimeric endonuclease bound to its
target site. The green spheres are structural zinc ions; the grey spheres
are divalent cations (magnesium in this structure) in the enzyme active
site. (b and c) Close-up and schematic of contacts between the protein
and the DNA target site. Only one half-site is shown in (b) for clarity.
The color coding and contacts are shown in the same manner as
described in Figure 1. (d) Conformational parameters for I-PpoI
bound DNA target, calculated as described in Figure 2.
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LAGLIDADG homing endonucleases, including I-CreI
and I-MsoI [which have been visualized at high resolution
(37)] and I-CeuI [another homodimer that displays partic-
ularly noteworthy ability to preferentially recognize and
cleave a very asymmetric target site (44)]. These studies
demonstrate that the ability to accomodate sequence dif-
ferences at related positions in their target half sites
is a function of several features of their protein–DNA
contacts: (i) reduced numbers of contacts to potential
nucleotide hydrogen bond partners across the target site,
(ii) the use of monodentate contacts to DNA bases (such
as those made by lysine and serine) rather than bidentate
contacts (such as those often formed by arginine, gluta-
mine and asparagine), and (iii) the use of water-mediated
contacts (which allows the polarity of hydrogen bond
donor-acceptor pairs to be reversed while using the same
protein side chain). A comparison of the contact patterns
displayed by I-Vdi141I and I-PpoI to their respective
DNA targets (Figures 1c and 4c) echo these observations,
with a signiﬁcant number of lysine- and water-mediated
contacts made to bases throughout their target sites.
The exceptional ’quality’ of the rDNA sequence
described in this paper as a site for invasion by mobile
elements is illustrated even more convincingly by the fact
that a region of this same sequence (50 TAGCCAAA 30,
corresponding to bases +5 to +12 in the endonuclease
target) is also the speciﬁc site of insertion for the R2 retro-
transposon, found in one study to be conserved in the
rRNA genes of most insects (45), and probably a consid-
erably wider range of eukarya. As well, the rDNA
sequence encoding the ‘domain 4’ region of the large
rRNA (the site of the H69 helix) exhibits the highest den-
sity of introns in the rRNA encoding genes (46). The
high percentage of group I introns in rDNA that are
known to be associated with homing endonuclease genes
makes it seem likely that this entire region is a hotspot
for invasion and persistance. Finally, it also seems likely
that the ribosome structure itself, in this region, contri-
butes to the success of invasive introns, by allowing
RNA conformations and interactions to form during tran-
scription that facilitate eﬃcient splicing of these interven-
ing sequences.
DNA recognitionby the I-PpoI andI-Vdi141I: common
specificity profiles produced by disparate mechanisms
As described above, the target sites for these
LAGLIDADG and His–Cys box endonucleases are vir-
tually identical, and their speciﬁcity proﬁles are strikingly
similar. These recognition events, although closely related
phenomenologically, are produced by entirely diﬀerent
mechanisms. There are no analogous contacts made to
the same base pair at any position in the two complexes.
Whereas I-Vdi141I makes the largest number of direct
protein–DNA contacts to base pairs spread across the
entire target site (two or more contacts to positions  2,
3, 7, 9 and 10), I-PpoI concentrates its direct contacts in
the middle of each half-site (positions  3, 6 and 7). As
well, the almost identical DNA targets are subjected to
completely opposing protein-induced bends. The substrate
Figure 5. Sequence and structure of the rRNA bases encoded by the
target sites of I-Vdi141I and I-PpoI. (a) Local sequence and secondary
structure surrounding the target site (outlined in red) and the H69 helix
(described in the text; H69 forms a bridge and contacts to the neigh-
boring small RNA ribosome subunit and tRNA molecules bound in the
A- and P-sites). The representation of base positions reﬂects the relative
conservation of each position across all three biological kingdoms:
open circles represent bases that display <80% identity; closed circles
80–90% identity, lower case bases 90–98% identity, and upper case
bases >98% identity. The ﬁgure was prepared at the Comparative
RNA Website (46) (http://www.rna.ccbb.utexas.edu) and is used with
permission. (b and c) Two separate views of the position of the rRNA
bases encoded by the target site (shown in red) in the context of the 70S
ribosome structure (PDB ID 2J01). Neighboring subunits and elements
(A- and P-site tRNA, 16S and 23S RNA, mRNA) are labeled and color
coded as shown in the ﬁgure.
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complexes) is subjected to signiﬁcant unrolling and base
unstacking at the exact center of the target site, resulting
in a signiﬁcant narrowing of the minor groove across the
four base pairs that are ﬂanked by the scissile phosphates
(Figure 2b and c). In contrast, when bound by I-PpoI the
same DNA sequence is subjected to signiﬁcant widening
of the minor groove at the site of cleavage, and overall
bending of the site approaching 758 (27). This is accom-
plished with roll angles that never exceed  128 at any
single base pair step, and relatively small distortions of
helical winding (‘twist’) values across the target sites
(Figure 4d).
The sites in the DNA target where the two endonu-
cleases most strikingly diverge in their speciﬁcity proﬁles
appears to be positions  6. These positions are palindro-
mically conserved in both targets as an A:T base pair.
I-PpoI exhibits maximum speciﬁcity at these positions,
exhibiting almost complete loss of cleavage activity when
any substitution is made in either half-site. In contrast, the
archaeal LAGLIDADG endonuclease I-Vdi141I displays
signiﬁcant promiscuity at these same positions, actually
exhibiting enhanced cleavage activity at either positions
when the A:T base pair is substituted with a G:C. The
base pair identity at position  6 (which in the ribosome
contributes a base to the stem of the H69 helix) is uniquely
conserved in archaea and eukarya, and matches the beha-
vior of the two corresponding enzymes. In archaea, this
position is present as a G:C in 73.2% of 41 sequenced
archaeal rRNAs (versus 26.8% present as A:T base
pairs). In eukarya, this conservation pattern is reversed:
the same position in the target site is present at an A:T
in 99.4% of 155 sequenced rRNAs (43). Therefore, the
I-PpoI appears to be completely optimized for highly spe-
ciﬁc recognition of the base pair that is found at this posi-
tion in eukarya. In contrast, the I-Vdi141I enzyme
displays lower ﬁdelity at this position (corresponding to
the much looser conservation of a single base pair identity
in archaea), recognizing both of the potential base pairs
that together comprise 100% of the sequenced archaeal
ribosome sequences.
Conclusion: unique evolutionary pathways and opposing
mechanisms produce analogousgenetic and biological
outcomes
Since the ﬁrst structures of DNA-binding proteins in com-
plex with their nucleic acid targets were determined, a
major question has been whether there exist any
common rules or trends (i.e. a ‘code’) that inﬂuences and
dictates recognition speciﬁcity. This early hypothesis has
yielded to the generally accepted understanding that any
such code is best described as set of preferences that are
not easily predicted or reproduced in individual DNA-
binding proteins. As stated in a recent review, ‘It has
become clear that there is no simple ‘‘code’’ for protein–
DNA recognition and that selecting an optimal binding
sequence along the DNA double helix corresponds to
more than simply forming a set of speciﬁc hydrogen
bonds or steric interactions’ (47). This was previously
clearly demonstrated for homing endonucleases through
a structural comparison of the LAGLIDADG isoschizo-
mers I-CreI and I-MsoI, which display nearly identical
protein scaﬀolds and DNA target sequences, yet only
share one-quarter of their DNA-contacting side chains
in common.
The comparison of I-Vdi141I and I-PpoI presented here
provide a striking demonstration of two completely diﬀer-
ent protein scaﬀolds, in radically diﬀerent organisms and
environments, each solving an equivalent and very com-
plex biophysical problem: recognition of a DNA target
site with a requisite balance of speciﬁcity (to avoid toxicity
to the host) and recognition ﬂexibility (to enhance genetic
mobility). The convergence of these two proteins to their
similar behaviors, albeit with completely diﬀerent struc-
ture-function relationships, illustrates the almost inﬁnite
repertoire of functions and behaviors that are endowed
upon protein scaﬀolds through the dual inﬂuence of
time and evolutionary sequence drift and selection.
Coordinate submission. The structure and X-ray struc-
ture factor amplitudes of I-Vdi141I bound to its DNA
target site has been submitted to the RCSB database
(PDB ID code 3E54).
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Supplementary data are available at NAR Online.
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